Amplification of homologous genes using PCR involves complex hybridization kinetics and amplification bias is inevitable (1, 2) . Several factors, including the GC content of the template, length of the target amplicon, structural differences, and binding bias of primers, may contribute to this bias (3) . Variability in PCR efficiency is also commonly observed, and this may distort the amplicon abundances and subsequently affect downstream processes (3) (4) (5) (6) . Therefore, information on the relative efficiency of PCR amplification in mixedtemplate samples is essential to the interpretation of these experiments and various methods have been introduced to minimize kinetic bias (1, 2) .
Multi-tag pyrosequencing (MTPS) has revolutionized the field of microbial ecology, enabling the routine analysis of microbial communities from many different environments (7) (8) (9) . As a new quality control step in pyrosequencing of microbial communities, we describe the use of length heterogeneity PCR (LH-PCR) fingerprinting to optimize the amount of microbial community DNA prior to the MTPS process (2, 10) . Our novel protocol combines the fingerprinting technique and pyrosequencing methodology to ensure linearity in microbial community amplification. Specifically, we utilize a FAM (6-carboxyfluorescein) labeled reverse primer along with multi-tagged forward primers to amplify the community; these tagged products can then be used directly in the emulsion PCR process for multitag pyrosequencing.
To test our protocol, we designed different tags/barcodes to be added to the universal forward fungal ITS or bacterial 16S primers (Supplementary Table 1 We used a standard protocol for the initial LH-PCR using Taq Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA) and FAM-labeled reverse primer (8, 11) . The PCR products were visualized on a 1% agarose gel, diluted according to the strength of the products (1:10-1:20 dilutions) and then mixed with ILS600 size standard (Promega, Madison, WI, USA) in a 1:20 ratio with HiDi formamide and run on an ABI 3130XL fluorescent sequencer (Applied BioSystems). The results were analyzed using the Genemapper software v4.1 (Applied BioSystems) and the community profiles were assessed for reproducibility. The same PCR product was purified with Agencourt Ampure magnetic beads (Beckman Coulter, Indianapolis, IN, USA) and quantified with a DTX880 Multimode Fluorescent detector (Beckman Coulter) using excitation at 485 nm and emission at 535 nm. The appropriate number of molecules of purified product was calculated using all the peak areas from the LH-PCR fingerprint and used in emulsion PCR according to manufacturer's protocol (Roche Diagnostics) with minor modifications.
It is important to note that, in many cases, variability in the total yield of PCR products from samples with comparable amount of DNA as starting material can be observed. For example, when DNA from a tissue biopsy sample is extracted, both host eukaryotic DNA and target bacterial DNA will be isolated (data not shown). Thus, each individual community PCR reaction needs to be optimized prior to pooling for the MTPS emulsion PCR as excess DNA can actually inhibit the PCR reaction. Typically, we perform PCR on multiple dilutions of a community DNA to both optimize the signal strength and assure linear amplification, i.e., that there is no kinetic bias in the amplification. Figure  1 depicts the LH-PCR of three dilutions of a community DNA sample. The data show that the 1:100 dilution and 32 cycles produce the optimum community profile for this sample.
Multi-tag pyrosequencing has become a key method in the analysis of microbial community composition. However, it is well known that kinetic bias during the initial PCR amplification of such microbial communities can dramatically distort amplicon abundance prior to downstream emulsion PCR and pyrosequencing. Here we present a simple protocol combining length-heterogeneity PCR fingerprinting with pyrosequencing to ensure the linearity of microbial community amplification. The method employs a fluorescently labeled reverse primer along with multi-tagged forward primers to initially amplify the microbial community. The resulting labeled amplicons are then fingerprinted, purified, and quantitated prior to emulsion PCR and pyrosequencing. Our data demonstrates: (i) use of this protocol results in a distribution of sequences showing linear amplification following emulsion PCR when compared with the initial length-heterogeneity PCR fingerprints, and (ii) that the added tags and labels do not have a negative effect on overall microbial community profiles.
Benchmarks
Previously, we had used the PicoGreen assay (Life Technologies) or agarose gel imaging to quantify the PCR products. However, both of these methods measure total DNA mass and the number of molecules are estimated based on an average product size and we, along with other groups, have observed variability in the number of reads per sample after pooled MTPS (12) . To reduce this variability, the FAM-labeled LH-PCR amplicons are used to quantify the number of molecules in each of the multi-tagged products prior pooling. By simply summing the areas of all the peaks in a sample LH-PCR fingerprint, we can normalize amplification products prior to sequencing. Thus, one has a direct measure of the number of molecules in each sample and can pool an equal number of molecules for each multitagged sample.
Following the initial PCR optimization steps, recovered emulsion PCR beads were subjected to pyrosequencing on a Roche GS Junior instrument according to original protocol (Roche Diagnostics), with some minor modifications. Figure 2 and Table  1 show the results comparing the original protocol using 50 emPCR cycles and loading 500,000 emPCR beads versus our optimized protocol using 40 emPCR cycles and loading 360,000 emPCR beads. Under typical conditions, 40 cycles on an MJ Research PTC-200 thermal cycler (BioRad Laboratories, Hercules, CA) gave more uniform signal strength over the exposure than the 50 cycles suggested in the original protocol (Supplementary Figure 1B vs. 1A) .
Data analysis ( An important implication of our protocol is that accurate quantitation of the number of molecules in the pooled samples using the FAM-labeled products facilitates the emPCR step in the MTPS process as this measurement will be directly correlated with the number of molecules in Pyrosequencing statistics for MTPS runs using the original (MTPS12) and optimized (MTPS36) Figure 1 . Electropherograms of LH-PCR using different dilutions of the original community DNA. This is an example of optimizing the amount of original community PCR used for the LH-PCR technique. The top panel is using a 1:100 dilution, the middle panel is using a 1:50 dilution, and the bottom panel is using 1:10 dilution of the original community DNA. The electropherograms were generated with the Genemapper software. the pooled sample and is independent from the size distribution of the fragments. This allows for much greater flexibility in the size range of PCR products that can be pooled, and permits routine pooling of archaeal, bacterial, and fungal PCR products in the same MTPS run. Additionally, the size distribution of the LH-PCR fingerprint and the size histogram of the reads from the GS Junior sequencing run can be compared with determine if the size profile are similar for quality assurance (Figure 3 ). This helps to determine whether the origin of short reads after MTPS run are from the initial community PCR or from the pyrosequencing process itself, thus allow for optimizing the process. Additionally, one issue that our new quality control protocol can directly address is the impact of contamination in microbial community analysis since the same sample is both fingerprinted and sequenced for quality assurance. The fingerprinting can show the background amplification, even though there is no visible band in the PCR picture visualized with ethidium bromide in an agarose gel image. We routinely include negative controls with different tags in our MTPS runs. Occasionally we observe a low number of reads in the negative controls after pyrosequencing which most often do not map to the same taxa as the sample. Interpretation of such data after sequencing is at the researcher's discretion, i.e., one can subtract these taxa from the community analysis or ignore them.
In summary, we present a novel protocol that combines LH-PCR fingerprinting and pyrosequencing to ensure linearity of microbial community amplification through accurate quantitation of the number of molecules in a sample. Our approach enhances the quality control of the entire process and facilitates a clearer understanding of the organismal composition of various microbial communities.
